Abstract In this study we have investigated the suitability of a number of different mesoporous silica nanoparticle structures for carrying a drug cargo. We have fully characterized the nanoparticles in terms of their physical parameters; size, surface area, internal pore size and structure. These data are all required if we are to make an informed judgement on the suitability of the structure for drug delivery in vivo. With these parameters in mind, we investigated the loading/ unloading profile of a model therapeutic into the pore structure of the nanoparticles. We demonstrate that the release can be controlled by capping the pores on the nanoparticles to achieve temporal control of the unloading. We have also examined the rate and mechanism of the degradation of the nanoparticles over an extended period of time. The eventual dissolution of the nanoparticles after cargo release is a desirable property for a drug delivery system.
Introduction
Mesoporous silica nanoparticles (MSNPs) are receiving increasing interest from the scientific community for their potential as drug delivery systems both in vitro and in vivo (see [1] , references 1-17). MSNPs typically have particle diameters in the 50-300 nm range and narrow pore size distributions of the order 2-6 nm. Their structure and morphology are controllable at both the nanometre and micrometre scale, yielding high surface area and pore volumes of the MSNPs and enabling a high cargo carrying capacity. (For an excellent review of the synthesis methods of MSNPS see [2] ). The silica surface has a high density of silanol groups which can be modified with a wide range of organic functional groups [3] , allowing for modification with targeting agents such as peptides, antibodies or folic acid, or biocompatible polymers such as polyethylene glycol (PEG) to minimize opsonization which would lead to the rapid clearance of the nanoparticles [4] . In addition, the ability of silica to decompose into relatively harmless silicic acid byproducts presents fewer challenges for long-term use than, for example, carbon nanotubes or gold nanoparticles which are not metabolized [5] .
The capacity of MSNPs to carry cargo has been demonstrated with a number of different drugs, including ibuprofen [6] [7] [8] [9] , diflunisal [10] , naproxen [10] , captopril [11] , aspirin [12] , gentamycin [13] , erythromycin [14] , and amoxicillin [15] . The internalization of the cargo is important since new drugs are often insoluble in water, and it has been estimated that around 95 % of all new potential therapeutics have poor pharmacokinetics and biopharmaceutical properties [16] .
In terms of drug delivery, the external diameter of the nanoparticles is of particular importance for drug delivery. The circulation of nanoparticles and their uptake by different tissues varies widely, and uptake by diseased tissue differs from healthy tissue. The tight junctions of the blood-brain-barrier only permit the passage of particles below 1 nm whereas continuous capillaries such as those found in the muscles, skin and lungs are permeable by up to approximately 6 nm. Larger particles of up to 50-60 nm are able to exit the fenestrated capillaries of the kidney, intestine, and some endocrine/exocrine glands. The largest particles, of up to 600 nm, will be able to accumulate in the liver, spleen and bone marrow [17] . However, it has been shown that the bio-distribution of nanoparticles is altered in animal models bearing tumours compared to control animals. The microvasculature surrounding tumours is highly permeable and leaky, and tumours have less efficient efflux mechanisms (the EPR effect) which will influence the overall bio-distribution. This means that nanoparticles of the right size will likely passively accumulate at the tumour site.
At the cellular level, particle internalization is also dependent on the size, shape and surface chemistry of the nanoparticles. Small particles are internalized by endocytosis [18] , and the uptake rate depends on the competition between the bending energy and stretching energy of the membrane which is related to both its size and shape [19] . Generally, particles with a positive charge have been seen to be endocytosed more rapidly since they may be expected to bind to the negatively charged cell surface [20] . However, there are reports of a higher uptake of negatively charged particles, e.g., in HEK cells [21] , and neutrally charged particles have demonstrated much lower opsonization rates than charged particles [22, 23] .
In this study we have assessed engineered mesoporous silica nanostructures for their suitability as potential drug delivery vehicles. We have evaluated the nanoparticles in terms of their physical and nanostructural attributes, interaction with model-drug molecules, and timedependent behaviour in conditions that mimic those of the human body.
Materials and Methods

Synthesis of MSNPs
Hexagonal-symmetry (HMSNP)
The synthesis was performed using the method from reference [24] . The method can be briefly described as follows: 100 mg Cetyl trimethylammonium bromide (CTAB, Aldrich; 99 %) was dissolved in 48 mL ddH2O and 350µL of 2M NaOH and vigorously stirred in a round-bottom flask at 80 °C. After the temperature was stabilized, 500 µL Tetraethyl orthosilicate (TEOS, Aldrich) was added. After a further two hours incubation, the nanoparticles were collected by centrifugation and washed twice with methanol. The CTAB surfactant was removed by overnight reflux in acidic methanol (20 mL methanol, 1 mL 37 % hydrochloric acid) at 80 °C.
Blackberry-like MSNPs (BMSNP)
The particles were synthesized using a modified version of the method from reference [25] . In a typical synthesis, 100 mg CTAB was dissolved in 30 mL ddH2O and incubated at 60 °C. After the temperature was stabilized, 9.6 mL octane (Sigma-Aldrich), 81.34 µL styrene solution (5000 µg/mL in methanol solution; Sigma), 22 mg L-lysine (SAFC), 1.07 mL TEOS and 34.23 mg AIBA (Sigma) were added. The reaction was incubated and stirred for a further three hours under N2 at 60 °C. The reaction was then cooled to room temperature and stirred overnight.
Nanoparticles were collected by centrifugation and washed three times with absolute ethanol. To remove the organic templates, the particles were refluxed with toluene in a Soxhlet extractor at 150 °C for 48 hours.
Chrysanthemum-like MSNPs (CMSNP)
CMSNPs were prepared using the method from reference [26] . The method can be described briefly as follows: 8 mL ddH2O was mixed with 40 mL diethyl ether (Sigma), and 1 mL 28 % ammonia solution (Alfa Aesar) in a closed flask, which was then vigorously stirred at room temperature. After the mixture became homogeneous, 2 mL TEOS was added into the solution dropwise. After a further three hours of stirring, another 2 mL TEOS was added in dropwise, and 1 g CTAB was added. The mixture was then stirred at room temperature overnight.
The particles were washed three times with ddH2O and dried in a vacuum at 60 °C overnight. To remove the template, the particles were fired at 550 °C for six hours.
Amorphous silica
The synthesis was performed using the method from reference [27]. 36.8 mL absolute ethanol was mixed with 20.25 mL ddH2O in a flask in a sonicating water bath at room temperature. After 10 minutes, 0.5 mL TEOS was added in. The mixture was sonicated for a further 20 minutes before the 54.44 mL 28% ammonia solution was added dropwise. The reaction was continued for another hour with sonication.
The particles were collected by centrifugation and washed twice with ddH2O.
Electron Microscopy
Specimens for transmission electron microscopy (TEM) analysis were made by drop-casting particles onto holey carbon coated TEM grids (Agar). Bright field imaging and high-resolution (HRTEM) imaging were performed using a JEOL JEM-2010 microscope operating at 200 kV. A highangle annular dark field scanning transmission electron microscopy (HAADF-STEM) was conducted using a JEOL JEM-3000F microscope operating at 300 kV. Tiltseries imaging was facilitated by mounting specimens in a specialist tomography holder (Fischione Instruments Inc.). Specimens were also analysed with scanning electron microscopy (SEM), with backscattered electron images being obtained from a JEOL JSM-840A instrument operating at a primary energy of 10 kV. An analysis of the electron microscopy data was performed using the DigitalMicrograph™ (Gatan Inc.) software.
External size analysis
The hydrodynamic particle size distributions were measured using a Disc Centrifuge (DC 18000; CPS instrument). A sucrose gradient was prepared, and the machine operated at 24,000 rpm. PVC calibration standard (0.377 µm) was applied. All the particles were measured in triplicate. The main peak, standard deviation and polydispersity index were collected.
Surface analysis
BET
The surface area was evaluated with nitrogen adsorptiondesorption isotherm measurements on a Gemini VI (Micromeritics Corp. Atlanta, GA) surface analyser at -196 o C. The nanoparticles were degassed at 50 °C overnight before analysis. The surface areas were calculated with Brunauer-Emmett-Teller (BET) [28] theory using isotherm adsorption data at P/P0 from 0.05 to 0.30.
SABET =
Where SABET is the BET surface area (m 2 /g); CSA is the analysis gas molecular cross-sectional area (0.162 nm 2 for N2); NA is the Avogadro constant 6.023 × 10 23 ; S is the slope (g/cm 3 ); YINT is the Y-intercept (g/cm 3 ).
BJH
The pore volume and pore size distributions were obtained from an adsorption branch by using the Barrett, Joyner and Halenda (BJH) method [29] .
Where rp is pore radius (Å).
Calculated surface characteristics
The outer surface area of the nanoparticles was calculated using the following formula:
The outer surface area of one MSNP:
Where 'd' is the outer dimension of one MSNP. 
MSNP Adsorption/ Desorption of cargo
The fluorescent dyes calcein (Ex. 495, Em. 515 nm) and Rhodamine B were used as model drugs to examine the loading and unloading of the nanoparticles. The MSNPs were resuspended in water. Calcein was suspended in dimethylformamide (DMF) and added to the nanoparticle suspension at a final concentration of 3 mg/mL. The particles were incubated at room temperature, with constant stirring for 24 hours. The particles were collected by centrifugation and washed with methanol: H2O (1:1 v/v) three times.
To determine the dye release, the MSNPs were resuspended in PBS at a concentration of 10 mg/mL. Calcein, released from uncoated or eight layers of PAH/PSS coated HMSNPs, was tracked using an Infinite 200 plate reader (Tecan) over 60 hours at 10 minute intervals (see also section 2.6). The filter sets used for Calcein were Excitation 465(35), Emission 510(10), and for Rhodamine B Excitation 544(25), and Emission 612(10).
MSNPs capped with polyelectrolyte
The MSNPs were capped with a repeating sandwich layer of the polycation, poly-allylamine hydrochloride (PAH; Sigma-Aldrich) and the polyanion, poly-sodium 4-styrene sulfonate (PSS; Sigma). 200 mg MSNP was added to 20 mL Capping Buffer (20 mM Tris, 20 mM NaCl, pH 8.5) and resuspended by sonication for three minutes. PAH or PSS was resuspended in a Capping Buffer at 20mg/mL. 0.5 mL PAH solution was added to the MSNP suspension and incubated and stirred for 30 minutes at room temperature. The PAH capped particles were then collected by centrifugation and washed three times with ddH2O. Alternate PAH/PSS layers were added to the particles, until the desired number of layers had been achieved.
Degradation of MSNPs
The MSNPs were suspended in a physiological buffer; Dulbecco's Phosphate Buffered Saline without Calcium chloride or Magnesium chloride (8 g Sodium Chloride, 0.2 g Potassium Phosphate, monobasic, 1.15 g Sodium Phosphate, dibasic, and 0.2 g Potassium Chloride per litre; Sigma). The particles were sonicated for 15 minutes in a sonicating water bath to ensure their complete resuspension. The MSNPs were subsequently incubated at 37 °C and samples were periodically removed for TEM imaging.
Results and Discussion
Size and morphology of nanoparticles
The nanoparticle's morphology and external diameter, in addition to their surface area and pore architecture are all key parameters in determining the utility of synthesized nanoparticles for in vivo nanoparticulate drug delivery applications. Mesoporous silica nanoparticles are attractive candidates for drug delivery and, consequently, our current study compares three different particle morphologies all synthesized with an aspect ratio of approximately 1:1. Figure 1 shows the general morphology of each set of nanoparticles described in this article, characterized with both SEM and TEM. This combination of techniques enables us to visualize individual nanoparticles and associated particle-aggregate morphologies, in addition to the detailed internal structure of particles. Figure 1a and 1b show SEM and TEM micrographs of Hexagonal- Table 1 ) which would enable them to pass into the cells, but also avoid being lost through hepatic filtration.
Surface characteristics
Nanoparticle pore size was also assessed using a combination of high-resolution TEM imaging and BJH Pore Size and Volume Analysis. Image analysis was performed on TEM micrographs using the Gatan Digital Micrograph software in order to accurately determine the nanopore size. Images, such as those of the HMSNPs shown in Figure 2a , were selected for the pore size measurements. Here, the TEM objective lens defocus was selected to minimize Fresnel contrast near the pore edges, and, once this and the background contrast level are taken into account, the full width at the half-maximum pore size was measured by hand with a line profiling process as shown in Figure 2 . The measured pore sizes are shown in Table 1 and correspond to approximately 2 nm for both CMSNPs and HMSNPs (Table 1 ). In the case of the well-ordered HMSNPs, the pore diameter was determined from images of two generic nanoparticle orientations; a high-symmetry 6-fold axis orientated parallel to the electron beam, as shown in Figure 2a , and for pores orientated perpendicular to the beam. In this second case, the nanoparticles were tilted approximately 90 degrees from the orientation shown in Figure 2a and show a series of pore channels. This commonly observed orientation gives access to much higher counting statistics and is discussed further in Figure 4 . The pore diameter was found to be (2.07 ± 0.28) nm (n=65) for those particles imaged normal to the beam and the channels (2.02 ± 0.22) nm in diameter (n=316). This indicates that the HMSNPs are permeated by ordered arrays of channels of consistent diameter (see also FiguresBJH analysis was employed to determine the pore area and specific pore volume using adsorption and desorption techniques. This technique characterizes pore size distribution independent of the external area due to the particle size of the sample. Pore size analysis using BJH gave results comparable to those obtained using TEM, i.e., 2.8 nm for HMSNPs and approximately 3.2 nm for CMSNPs (Table 1 ; isotherm plots are shown as supplemental data). A comparatively larger pore size of 7.3 nm was shown for BMSNPs.
BET Surface Area Analysis provides specific nanoparticle surface area evaluation via nitrogen multilayer adsorption, measured as a function of relative pressure.
Here, it was determined that nanoparticle surface area would increase in the order BMSNP < CMSNP < HMSNP ( Table 2) . A comparison of the surface areas for the CMSNPs and HMSNPs relative to their external diameter indicates a much greater internal surface area for HMSNPs. This ranking follows that of the degree of nanopore structural ordering observed in the TEM imaging and suggests that the primary factor determining the overall surface area is the efficiency of pore packing in the particle interior.
The total surface area for HMSNPs was shown to be (1110 ± 1.73) m 2 /g ( Table 2) . From experimental data, we have calculated the outer surface area of these particles to be (80.70) m 2 /g, and the pore surface area to be 92.70 % of the total ( Table 2 Table 2) . From experimental data, we have calculated the outer surface area of these particles to be 90.97 m 2 /g ( Table 2 ). Since the silica chemistry of the outer surface is expected to be the same as that of the inner pore surface, it is important to note that there would not be any preferential adsorption of the drug molecule onto external surfaces or on the pore surface. As such, the relative surface areas of the external surface and pore surfaces will most likely be reflected in the distribution of adsorbed molecules, assuming that the molecules are of an appropriate size to be localized in the pores.
Since the morphologically different particles were prepared by different methods, the surface chemistry may differ, and so the zeta potential was measured. 
Microscopy study of the pore mesostructure
Since the BET data showed that the HMSNPs have a very high surface area (Table 2) , while having a lower outer surface area than BMSNPs (Table 2) , high-resolution transmission electron microscopy (HRTEM) and highangle annular dark field scanning transmission electron microscopy (HAADF-STEM) were used to further investigate the details of the porous mesostructure of the HMSNPs. Figure 3 shows a comparison between two HMSNPs in different orientations along with a group of typical BMSNPs; CMSNPs are too large to be usefully imaged by TEM.
Firstly, Figure 3a shows a HMSNP viewed along the high symmetry axis. The Fast Fourier Transform (FFT) of the high-resolution image in Figure 3b reveals an ordered set of reflections in reciprocal space with an overall six-fold symmetry. The sharpness of the spots indicates that there is little variance of the pore size throughout the particle, as confirmed by our statistical measurements on many HRTEM images reported in Table 1 . The presence of a single set of six spots in the FFT suggests that the pores remain in an ordered structure throughout the volume of the particle and are not internally divided into separate sub-domains of pores. Figure 3c shows another HMSNP orientated with pores running approximately normal to the direction of the electron beam. The corresponding FFT in Figure 3d with two-fold symmetry confirms the ordered pore mesostructure with a single dominant direction through the particle. The particle morphology is observed to be non-spherical and elongated along the direction of the pore channels. The BMSNPs shown in Figure 3e , however, do not show a regular array of pores in HRTEM imaging. The FFT in Figure 3f does not display any periodicity, suggesting the absence of an ordered pore mesostructure. The image contrast of these particles in HRTEM consists of a series of bright and dark patches, corresponding to regions of differing projected density. These observations lead to the conclusion that pores in the BMSNPs consist of open surface pores and randomly distributed internal voids as opposed to the highly structured network of pore channels running though the HMSNPs. Continuous pore channels running through the interior of HMSNPs would account for the high surface area of these particles and also their desirable degradation characteristics. Here liquid would be able to penetrate the interior of the particle, allowing structural degradation to occur simultaneously from the exterior and core of the particle. As such, it is ideal for visualizing the structure of the internal pore channels and confirms that individual pores run through the length of the particle and are arranged in a quasi-hexagonal structure.
Nanoparticle loading with a model drug.
Next, we examined the loading of the various nanoparticles with two fluorescent model drugs. Calcein is a negatively charged fluorophore, while Rhodamine B is positively charged at neutral pH [32] . Both drugs are known to self-quench; calcein, even at low concentrations [33] , while Rhodamine B shows quenching at higher concentrations [34] . To test the intramolecular quenching of calcein we assessed its fluorescence over the range 0-5mg/ml. Between 0 and 0.02 mg/ml the increase in the fluorescence signal can be seen to be linear (Figure 5a insert) . After approximately 0.1 mg/ml the signal reaches a maximum due to quenching and no longer increases with increasing concentration (Figure 5a ). Between 1 mg/ml and 5 mg/ml, the fluorescence signal decreases (data not shown). The fluorescence of Rhodamine B shows the same pattern (Figure 5b) .
The particles were then incubated with the model drugs to assess their ability to carry cargo. As a control we included a spherical silica nanoparticle (63.56 ± 14.83) nm (72 measured) which would not be expected to hold the drug, and can be seen to have behaved accordingly (Figure 6a & 6c) .
Furthermore, the negatively charged SiO -groups enable chemical groups to be adsorbed on to the MSNPs since the silanol groups deprotonate at neutral pH, permitting electrostatic interactions with positively charged molecules [35] . For calcein, the BMSNPs and CMSNPs could be seen to have a greater loading capacity than the HMSNPs (Fig.  6a) , despite the determined surface area (Table 2) . However, since the calcein is a negatively charged molecule, it follows that the calcein would most likely be attracted to the silica with the least negative charge, i.e., BMSNPs ( Table 2) . Nandiyanto et al. [25] did not measure the zeta potential of the BMSNPs, but it is possible that the particles retain some polystyrene after the toluene extraction, thereby giving areas of positive charge. Despite this, the loading uptake is still relatively low. Table 3 . Absolute amounts of the model drugs calcein and Rhodamine B were calculated from both uptake and release profiles Nanomater Nanotechnol, 2014, 4:2 | doi: 10.5772/58290 For negatively charged drugs, the adsorption profile could likely be improved by modifying the silica surface; e.g., incorporating a cationic amine-modified silane 3-[2-(2-aminoethylamino) ethylamino] propyltrimethoxy-silane (AEPTMS) was shown to improve the uptake of negatively charged drugs [36] . Conversely, HMSNPs with the lowest zeta potential (Table 2 ) and the highest surface area adsorbed the greatest amount of the negatively charged Rhodamine B (Figure 6c) . Moreover, loading rates are higher for the three MSNPs with Rhodamine B than with calcein. The total loading and unloading for the different nanoparticles was determined with both calcein and Rhodamine B (Table 3) . Both the BMSNPs and CMSNPs were seen to unload calcein rapidly, however, the release of calcein from the HMSNPs can be seen to give a more steady release over a longer time period (Figure 6b ). The release profiles for Rhodamine B were similar for the different MSNP architectures. However, the amount of both calcein and Rhodamine B released from HMSNPs and BMSNPs were very similar, while CMSNPs released a higher percentage over the incubation period (Table 3) .
It is worth noting that the solvents used for the adsorption of the drug can greatly affect the uptake, and properties such as the solubility parameter, the dispersion solubility parameter, the orientation solubility parameter and the proton-acceptor solubility parameter should be taken into consideration [30] . Studies have shown, for example, that taxol is adsorbed into mesopores in dichloromethane or toluene solution, whereas taxol was not adsorbed in methanol or acetone solution [30] . We have observed similar differences in the adsorption of the chemotherapeutic LY294002 (data not shown). Another factor which affects the loading and unloading of cargo is the relative dimensions of the pore and the drug molecule. It has been found that when the pore diameter and drug molecule are approximately the same size there is a sustained release due to the confinement effect. When the pore size is much larger than the drug molecule then the cargo can be released at a relatively higher rate [37] . The Stokes-Einstein radius of calcein is estimated as 0.6 nm, and, assuming hydration with a uniform layer of water molecules (0.2 nm), results in a hydrated calcein radius of 0.8 nm [38] .
Nanoparticle coating with polyelectrolyte for delayed cargo release
One particularly attractive property of nanoparticle drug delivery is the possibility of controlled release. The purpose of this is to maintain drug concentrations in the blood or in target tissues at an optimal amount for as long as possible (Langer & Wise, 1984) . To investigate the possibility of delayed release, we coated the HMSNP nanoparticles with a thin polyelectrolyte layer. The layer comprised (PAH/PSS)4, although the sandwich layers of positively and negatively charged electrolyte can be continually built up. Since the silica is negatively charged, the first-layer coating was the positively charged polycation PAH, followed by the negatively charged PSS. The coating with each layer was followed by zeta potential measurements (data not shown).
To determine that the polyelectrolyte layer could be degraded after incubation in a physiological buffer, HMSNPs were coated with eight layers of polyelectrolyte. Samples were incubated at physiological pH 7.4 and at pH 6.5 which could be expected in the centre of a tumour. Samples were removed over 48 hours and examined using TEM. The thickness of the coating was seen to decrease over time and also to decrease more when incubated in a slightly acidic environment (Table 4) .
A further experiment showed that incubating HMSNPs coated with eight layers of PAH/PSS (28.65 ± 3.77 nm; Fig. 7a ) in an aqueous environment at 37 °C for eight days could completely diminish the polyelectrolyte ring from the surface (Figure 7b ). Table 4 . Thickness of polyelectrolyte coating after incubation in a physiological buffer at either pH 6.5 or pH 7.4, as determined from TEM images. To study the release of cargo from coated nanoparticles, HMSNPs were loaded with calcein followed by eight PAH/PSS polyelectrolyte sandwich layers. The release of the calcein from the particles in an aqueous suspension was then followed spectrophotometrically. It can be seen that initially there is a much slower release of calcein when compared to the uncoated control. After approximately 75 hours it can be seen that the kinetics of the release profile are altered (Figure 7c ). This is consistent with the dissolution of the polyelectrolyte, followed by a more rapid release of the calcein from the mesoporous silica. Therefore, a simple time-controlled release system can be easily constructed. It can be envisaged that a more sophisticated coating could be constructed using materials suitable for an environmentally triggered release.
Silica nanoparticles degrade under physiological conditions
In addition to the cargo-carrying properties of the nanoparticles, it is necessary to consider the problem of nanoparticle accumulation within an organism after drug delivery. This therefore requires that nanoparticles be degradable in biological systems. The inherent dissolution characteristics of silica within aqueous systems make it an ideal candidate for in vivo drug delivery [39] . The solubility of amorphous silica in water at a neutral pH has been evaluated as being from 70 to more than 250 ppm at 25 °C [40] . The variation can be due to electrolyte concentration, differences in particle size, the state of internal hydration, or impurities either in the silica itself or adsorbed on its surface during the treatment [41] . It would be expected, however, that the large surface area of mesoporous silica nanoparticles would increase the degradability of the silica due to the greater interfacial contact with water.
We therefore investigated the degradation characteristics of the different morphologies of the MSNPs. All samples were incubated in phosphate buffered saline; a water-based salt solution containing sodium chloride, sodium phosphate, potassium chloride and potassium phosphate. The osmolarity and ion concentrations of the solution are designed to approximate those of the human body. The samples were kept at 37 °C, again to simulate physiological conditions.
CMSNPs have a high surface area (934 m 2 /g) and pores of 2-3 nm (Table 2) . After 32 days of incubation it can be seen that the mesostructure of the 'petals' is very different and the discrete pores are replaced with an open lacy structure (Figure 8 ). After 173 days it can be seen from TEM images that there is significant inter-particle conglutination, to the point where individual particles can no longer be discerned. In comparison, the BMSNPs appear to be relatively unaffected by incubation in the physiological medium. The morphology appears unchanged (Figure 9a-c) , and the decrease in the external diameter is not significant over 32 days (Figure 9d ).
The external diameter of HMSNPs decreases in size to (71.4 ± 12.2) % with the curve fit over the course of 180 days of incubation (Figure 10g) . However, it is apparent that the dissolution of the HMSNPs has taken place not only from the outer surface, but also internally due to the liquid present within the pores. Simultaneous degradation from the outer and inner surfaces was also seen by Yamada et al. [39] . As a result of such degradation, a number of different morphologies can be clearly identified ( Figure  10d ; 21 days incubation). A three-stage degradation has also been seen for MCM-41 silica in simulated body fluids, with a fast bulk degradation within two hours followed by two later stages over a number of days [42] .
An increase in the specific surface area of nanoparticles is quite effective in increasing the degradability of colloidal silica nanoparticles because of the greater contact with water at the interfaces. This fits with our experimental data, where BMSNPs which have the lowest surface are ( Table 2 ) the least degraded, and the CMSNPs and HMSNPs which have an approximately three-fold greater surface area show significantly altered morphology and reduction in their external diameter. Furthermore, porous nanoparticles, such as those used in this study, would be more susceptible to dissolution since it is known that the solubility of any solid phase is higher when the surface is convex (spherical particles) and lower when it is concave (porous particles) [43] . In fact, the solubility depends on the radius of the curvature of the surface: the smaller the absolute value of the radius, the greater the effect on the solubility. In our experimental set-up, the supernatant was not removed over the course of the experiment. This may lead to the redeposition of the dissolved silica [44] . This dynamic equilibrium between silicate dissolution and re-deposition during the silica degradation process will be influenced by factors such as temperature, pH, silicate concentration, the presence of metal oxide, etc. [45] [46] [47] . HMSNPs were incubated in a physiological buffer and samples removed over a period of time to determine the degradation characteristics. Figures (a-f) show TEM images after incubation for (a) one day, (b) six days, (c) 10 days, (d) 21 days, (e) 44 days, (f) 180, days, in a physiological buffer. In (g) we see the external diameter of nanoparticles determined from TEM images.
In conclusion, we have investigated the physical and structural properties of a set of mesoporous silica nanoparticles, and examined their traits with respect to their use in carrying cargo for biomedical applications.
We have shown a detailed analysis of the morphology of the particles with respect to their external shape and diameter, pore diameter, pore structure, and surface area available for the adsorption of cargo. The loading and (g) unloading characteristics of both positively and negatively charged model drugs were investigated. The selection of the nanoparticles will largely depend upon the drug to be delivered, however, for many molecules, the HMSNPs will provide an ideal platform; these nanoparticles have a very high surface area, a pore size which is likely to be appropriate for containing the drug, and an external diameter suitable for extravasation from the blood stream and retention in the tumour.
It has been demonstrated that a controlled release of the cargo is possible by modifying the surface of the particles with a polyelectrolyte; which also illustrates the scope for more sophisticated release mechanisms. Furthermore, we have investigated the degradation characteristics of the particles under physiological conditions; which is important for determining the likely fate of the nanoparticles in vivo.
From the data shown, it can be appreciated that careful pre-selection of the nanoparticle attributes will play a large part in the success of the delivery of pharmaceuticals to a site of interest, with controlled release, and consequent limited systemic toxicity.
